The distribution of nitric oxide synthase in the inferior colliculus of guinea pig by Coote EJ & Rees A
 1 
Uncorrected proof. The final definitive version is published by Elsevier as: 
Coote, EJ; Rees, A, The distribution of nitric oxide synthase in the inferior colliculus of guinea 
pig, NEUROSCIENCE 154 (1): 218-225 JUN 12 2008 
 
The distribution of nitric oxide synthase in the inferior colliculus of guinea pig 
 
Edward J. Coote and Adrian Rees 
 
Auditory Group, Institute of Neuroscience, The Medical School, Newcastle University,  
Newcastle upon Tyne, NE2 4HH 
 
 
For special issue of Neuroscience:  From Cochlea to Cortex: Recent Advances in Auditory 
Neuroscience’ 
 
Key words:  Auditory, midbrain, neuro-modulator, immunocytochemistry, retrograde messenger 
 
 
 
Address for Correspondence: 
 
Adrian Rees 
Institute of Neuroscience 
The Medical School 
Framlington Place 
Newcastle upon Tyne 
NE2 4HH UK 
Tel. 44 191 222 6956 
Fax 44 191 222 5227 
 
adrian.rees@ncl.ac.uk 
 
 
 2 
 
 
 3 
Abbreviations 
 
CN  central nucleus 
 
CO  cytochrome oxidase 
 
CoIC  commissure of inferior colliculus 
 
DAB   diaminobenzidine 
 
DC  dorsal cortex 
 
eNOS  endothelial nitric oxide synthase 
 
IC       inferior colliculus  
 
iNOS  inducible nitric oxide synthase 
 
LC  lateral cortex 
 
NADPH-d β nicotinamide adenine dinucleotide phosphate diaphorase 
 
NO   nitric oxide 
 
NOS  nitric oxide synthase 
 
nNOS  neuronal nitric oxide synthase 
 
PAG  periaqueductal grey  
 
 4 
Abstract  
The modulation of neuronal activity by the gas nitric oxide is one of the most novel discoveries 
in neuroscience.  In the auditory pathway, the highest expression of nitric oxide synthase is 
found in the inferior colliculus, an important centre for the convergence of parallel ascending 
pathways travelling in the brainstem, and descending projections from the auditory cortex.  Here 
we use immunocytochemistry with an antibody for neuronal nitric oxide synthase (nNOS), or 
NOS Type 1, to map the distribution of nNOS expression in the inferior colliculus of the guinea 
pig.  The results show that nNOS is differentially expressed by both cell bodies and neuropil 
across its different subdivisions.  The highest levels of neuronal staining are seen in the dorsal 
and lateral cortices, and the commissural nucleus, making them readily distinguishable from the 
ventro-lateral part of the central nucleus where nNOS expression in neuropil and neurons is 
minimal.  Dorso-medially, and caudally, however, the region of nNOS expression extends from 
the dorsal cortex into the area normally designated as the central nucleus, and nNOS is expressed 
by neurons characteristic of this subdivision. Our findings support the idea of a gradual transition 
in cell properties rather than a distinct boundary between the central nucleus and the dorsal 
cortex.  This transition zone may provide a cytoarchitectonic substrate for functional interaction 
between these two subdivisions. 
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Introduction 
 
The discovery that nitric oxide (NO), a gaseous free radical, modulates neuronal activity is one 
of the most curious and exciting discoveries in neuroscience.  One important role of NO in the 
brain is as a retrograde messenger in long-term potentiation. Activation of postsynaptic NMDA 
receptors stimulates release of NO which in turn enhances presynaptic release of glutamate.  
Consequently much research into NO in the brain has focussed on structures involved in learning 
and memory such as the hippocampus (2007).  However, NO is synthesised by many brain 
regions and exerts its effects through a variety of different mechanisms in physiological and 
pathological situations (Guix et al., 2005). 
 
In the subcortical part of the auditory pathway the highest levels of nitric oxide synthase (NOS), 
are found in the inferior colliculus.  Two studies in rat have described the distribution of neurons 
that express NOS in the inferior colliculus (Herbert et al., 1991; Druga and Syka, 1993).  In each 
case the presence of NOS was identified by staining for β nicotinamide adenine dinucleotide 
phosphate diaphorase  (NADPH-d) which in aldehyde fixed tissue represents the activity of NOS 
(Dawson et al., 1991; Hope et al., 1991).  With this histochemical method both studies report 
differential distribution of stained cells and neuropil among the three principle divisions of the 
inferior colliculus: the central nucleus, and the dorsal and external cortices (Faye Lund and Osen, 
1985). 
 
In a study primarily directed at defining the distribution of cortical input to the inferior 
colliculus, Herbert et al (1991) observed a distinct pattern of labelling for NADPH-d in which 
the dorso-medial and lateral regions of the IC showed greater staining of neurons and neuropil 
than the central region.  They interpreted the boundaries of the staining as defining the borders 
between the central nucleus of the IC and its cortices. On this basis, however, the boundary 
between dorsal cortex and central nucleus extends into the region which other cytoarchitectural 
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studies identify as the central nucleus (Faye Lund and Osen, 1985; Malmierca et al., 1993).  In a 
survey of NADPH-d staining in the main nuclei of the auditory pathway, Druga and Syka (1993) 
reported that the largest number of NOS positive neurons were found in the dorsal cortex with 
moderate staining in the external cortex.  In contrast, the central nucleus contained a few 
NADPH-d positive neurons in its dorsal half but no NADPH-d activity was seen in the neuropil.  
The stained neurons in the central nucleus were described as “mostly small multipolar neurons 
and triangular neurons” and not the disc-shaped or flat neurons which are characteristic of the 
central nucleus. Thus, in rat there is still some uncertainty as to what the boundary defined by 
NADPH-d staining in the IC represents in terms of this structures subdivisions. 
 
Studies in other species, including cat and human, have also identified NOS in the IC 
(Egberongbe et al., 1994; Paloff and Hinova-Palova, 1998).  In cat, staining for NOS also occurs 
most intensely in the cortical regions of the IC, but, in contrast to Syka and Druga (1993), Paloff 
and Hinova-Palova (1998) report that NADPH-d staining occurs in the neuropil in parts of the 
central nucleus.  However, direct comparison is difficult because Paloff and Hinova-Palova’s 
(1998) parcellation of the IC follows the scheme of Berman (1968), so the area they define as the 
central nucleus includes regions of the IC that would be designated as dorsal cortex in other 
schemes (Morest and Oliver, 1984; Faye Lund and Osen, 1985).   
 
In this study we use immunocytochemistry with antibodies specific for nNOS (NOS Type-1) to 
study the distribution of NOS in the IC of the guinea pig, a species whose audiogram extends to 
lower frequencies than the rat, and is arguably a better model for human hearing.  Four different 
isoforms of NOS have been identified: Type 1 or neuronal NOS (nNOS); Type II, inducible 
NOS (iNOS), a form that is activated in some tissues by cytokines; Type III or endothelial NOS 
(eNOS) first discovered in endothelial cells lining blood vessels; and Type IV found in 
mitochondria (for review see Guix et al, 2005). However, these isoforms are not exclusive to the 
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types of tissues in which they most commonly occur.  In neurons, nNOS is found in many 
cortical and noncortical structures, but neurons expressing eNOS have also been reported in the 
hippocampus (Dinerman et al., 1994; Doyle and Slater, 1997). While NADPH-d activity 
represents the expression of NOS, it is not specific for nNOS; use of nNOS antibodies removes 
any ambiguity. Our findings show differential expression of nNOS within and between the 
different subdivisions of the IC, including the central nucleus. 
 
 8 
Methods 
Tissue Preparation 
Under deep anaesthesia (sodium pentobarbital), pigmented guinea pigs were perfused 
transcardially with a wash solution (0.5% sodium nitrite in 0.1M phosphate buffer) followed by a 
fixative comprising 4% paraformaldehyde in 0.1M phosphate buffer.  The fixed brains were 
removed from the skull and a block containing the midbrain was post fixed for several hours.  
After fixation, the tissue was placed in a cryoprotectant (30% sucrose in 0.1M phosphate buffer) 
for 2 days at 4oC.  The tissue block was frozen and 50µm-thick transverse sections were cut 
using a Leica CM1325 microtome (Leica Microsystems) fitted with a peltier freezing stage 
(Shandon Scientific). 
 
NOS I immunocytochemistry 
Sections were collected in 0.1M phosphate buffer and transferred first to cold phosphate buffered 
saline (PBS), and then into 0.3% H2O2 in PBS for 20 minutes.  After three washes in cold PBS, 
the sections were placed in PBS containing 0.1% Triton X-100, 3% horse serum and the anti-
NOS I primary monoclonal antibody (Sigma N2280) in a 1:2000 dilution.  A negative control 
using the same procedure, but excluding the primary antibody was also prepared for all cases.  
The sections were incubated at 4°C on an agitator overnight, after which any unbound antibody 
was removed by washing the sections three times in cold PBS. 
 
The sections were incubated on an agitator in secondary antibody (biotinylated anti-mouse,  
1:100 dilution) in a solution of cool PBS and 0.1% Triton X-100 for two hours at 4°C or room 
temperature.  After three washes in cool PBS the sections were incubated in streptavidin-horse 
radish peroxidise (1:100 dilution in PBS with 0.1% Triton X100) for one hour at 4°C.  The 
sections were washed three times in cool PBS, and placed in 0.05% diaminobenzidine (DAB) 
solution in PBS for 5 min, followed by a solution of H2O2 in DAB solution for 3min.  The 
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sections were washed in cool PBS to halt the reaction, before being mounted on gelatine coated 
slides, air-dried and cover-slipped using Entellan. 
 
Photographs were taken using a JVC KY-F75U digital camera (JVC Professional Ltd) attached 
to a Leica DM LB Microscope under 5, 10 or 20x HC PL Fluotar objectives (Leica 
Microsystems). Images were prepared for publication in Photoshop CS3 Extended (Adobe).  For 
the images in Figure 1, several overlapping images were acquired using the 5x objective and 
stitched together using the Photoshop function:  “Photomerge”, “Reposition only” with Blend 
Images. This process left some irregular edges to the background outside the tissue sections, and 
these were filled to give straight edges. The contrast of the sections was increased globally to 
improve the visibility of the stained structures, but no local changes or other manipulations were 
made to any of the sections. 
 
All procedures involving animals in this study were performed under the terms and conditions of 
a Project Licence granted by the UK Home Office.   
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Results 
The results are based on observations made from five cases, all of which were consistent in the 
pattern of antibody labelling they displayed.  nNOS antibodies labelled both cell bodies and 
neuropil, and for some neurons it was possible to identify the soma shape and the principal 
dendrites.  Neuronal labelling was never obtained in any of the negative control sections 
demonstrating that binding of the secondary antibody was specific for the nNOS primary 
antibody.  
 
In this study we adopt the terminology suggested for the subdivisions of the inferior colliculus  
by Loftus et al (this issue), in which the inferior colliculus is subdivided into the central nucleus, 
and the dorsal, and lateral cortices. The only difference between this nomenclature, and that used 
previously for the guinea IC (Malmierca et al., 1995) is the substitution of lateral cortex for 
external cortex, but the two regions are spatially identical. 
 
Figure 1 A-D shows a sequence of transverse sections through the IC from the caudal to rostral.   
In the most caudal of these sections (Fig 1A), dense uniform labelling can be see in a wedge-
shaped region that begins at the dorso-medial edge of the IC, and, with less uniformity, in a 
region running along the lateral edge of the section.  These regions correspond to the locations of 
the dorsal and lateral cortices, respectively. At this caudo-rostral level small stained neurons are 
found in the outer layers of the cortices with multipolar neurons of different sizes at deeper 
levels.  Dorsally is an approximately circular area, marked by a star in Figure 1A, which shows 
weaker labelling for NOS.  This point lies at the apex of a triangular area corresponding to the 
central nucleus, bounded by the dorsal and lateral cortices on either side.  In sections more 
caudal to this, the lightly labelled region is seen gradually emerging from the dorsal cortex. In 
the latter, neurons labelled for nNOS are distributed over the whole IC except in an ventro-lateral 
area which is occupied by fibres running parallel to the section’s lateral edge. 
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Figure 1 about here   
 
The long axis of the triangular central nucleus runs dorso- lateral to ventro-medial, and 
orthogonal to it some lamination of the neurons and neuropil can be seen (arrows, Fig 1A) with a 
shallow, ventrally pointing concavity in the most dorsal part.  This laminar pattern of labelling 
has the same dorso-medial to ventro-lateral orientation expected of the frequency band laminae 
in the guinea pig IC, (Malmierca et al., 1995).     
 
Figure 1B shows the IC at a level where it is joined to the contralateral IC in this and the 
following section (Fig 1C) the neuropil labelling in the central nucleus is very pale in the ventro-
lateral part of the section and there are few labelled cell bodies in this region.  Laterally, the 
border with the lateral cortex is better defined than at more caudal levels.  The neuropil in the 
outer regions of the lateral cortex is darkly stained and, as in more caudal sections, this layer 
contains many small cells orientated parallel to the surface of the IC.  The neuropil in the deeper 
layer of the lateral cortex is more weakly labelled particularly in the ventral part. Labelled 
neurones are present throughout this layer, although they are increasingly sparse in the ventral 
region.  In the most ventral region of Fig. 1C, labelling is also absent in the region where the 
ascending lemniscal fibres enter the IC from below. The ventro-medial extent of the IC is clearly 
defined in these sections by a very pale line immediately lateral to the heavier staining of the 
periaqueductal grey; more dorsally this is blurred by the similar level of staining in the dorsal 
cortex.  Many small nNOS positive cells are visible in the periaqueductal grey (PAG).   
 
Dorso-medially a definite border between the central nucleus and the dorsal cortex is difficult to 
define.  The labelling in this area extends more deeply into the centre of the section than at the 
edges. It lies below the border drawn between the dorsal cortex and the central nucleus derived 
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from Malmierca et al 1995, so that the unstained portion of the central nucleus is approximately 
heart-shaped.  In the part of the central nucleus immediately dorso-medial to the ventral 
unstained area, there is still apparent lamination of the cells and fibres running dorso-medial to 
ventro-lateral.   
 
Figure 2 about here 
 
As well as strong expression of NOS in the dorsal cortex, medial to it, at levels between those in  
Fig 1A and B, the commissural nucleus also shows strong labelling for NOS (Fig 2) with both 
small cells and larger multi-polar cells  stained in the areas either side of the midline.  The fibres 
making up the commissure of the IC increasingly dominate more rostral regions of the IC (Fig 
1C and D).  Close to the midline they are almost horizontal, but they splay out as they enter the 
dorsal cortex and continue throughout its extent. Some nNOS labelled fibres give it a striated 
appearance with some multipolar NOS I positive cells interspersed between them.  The lighter 
staining central region is smaller, and the area is occupied by the striated fibres dorsally, and the 
PAG medially.  Striated labelling also reveals fibres entering the IC ventrally at this level (white 
arrows, Fig 1D). The area corresponding to the rostral nucleus and intercollicular tegmentum 
displays low but relatively homogenous levels of nNOS with a few scattered nNOS positive 
cells.  Staining of large multipolar cells at the rostral extreme is confined to the lateral area of the 
IC associated with the brachium. 
 
Borders of the central nucleus 
While these sections show that there are systematic changes in the pattern of nNOS expression 
across the different subdivisions of the IC, it is also apparent that NOS expression does not 
clearly demarcate the boundaries between the subdivisions. 
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Figure 3A-C shows higher magnification views of the central nucleus at 100-µm intervals as it 
emerges from the dorsal cortex that wraps around the caudal pole of the IC (c.f. Fig. 1A).  In all 
three cases the more lightly labelled region is bordered by the dorsal cortex dorso-medially with 
its deeply stained neuropil and darkly stained neurons, many of which are multipolar.  Lateral to 
the lightly stained central region, in the presumptive lateral cortex, the cells are similar in shape 
to those seen dorso-medially, but the cell bodies are not so densely packed and the neuropil is 
also less densely stained.  These differences between the level of nNOS expression in the dorsal 
and lateral cortices is maintained throughout most of the IC. 
 
Figure 3 about here 
 
The emerging central nucleus in these sections has a more sparsely stained neuropil and fewer 
stained cell bodies (Figure 3A-C).  In this region the neuropil is aligned along an axis running 
dorso-medial to ventro-lateral, and where cell bodies can be seen these too follow the same 
alignment along a slightly curved contour (arrows in Figure 3C).  In these most caudal parts of 
the IC, there does appear to be some nNOS expression in cells across the central nucleus that is 
not apparent in the middle region. 
 
Towards the middle of the caudo-rostral axis of the IC, where it is dominated by the central 
nucleus, there is little nNOS expression in cell bodies or fibres in the more ventral and lateral 
regions of the central nucleus (Fig 1B and C), but its border with the dorsal and lateral cortices is 
more difficult to establish.  When viewed at higher magnification (Fig 3D-F), a transition in the 
morphology of nNOS stained neurons can be seen around the border with the dorsal cortex 
between those that have multipolar or triangular forms, and those with long  bipolar dendrites at 
180 degrees to one another (arrows Fig. 3D-F).  The latter occur in the deeper regions of these 
dorsomedial stained areas, and their long axis lies at the expected orientation of the frequency 
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band laminae.  However, whereas cells of this type are presumably present throughout the 
central nucleus, it is only in this dorsal area that such neurons express nNOS. 
 
Figure 3 about here 
 
A boundary between the lateral cortex and the central nucleus is particularly difficult to identify 
in the most caudal regions of the colliculus, but in the middle region of the IC the intense 
staining of neuropil and scattered cells (Fig 1B and C) in the outer part of the lateral cortex 
makes it easier to distinguish it from the light or near absent staining in the central nucleus.  
However, as is the case with the dorsal cortex, there might be a region of transition between the 
deeper layers of the lateral cortex and the central nucleus. Views of this border region at higher 
magnification (Figure 4A-C) show that the outer-most layers of the lateral cortex are 
distinguishable by darkly stained fibres running parallel to the surface of the IC that are 
interspersed with small neurons.  However, in the deeper layers, multipolar and other irregular 
sized cells, may be seen scattered or in small clusters. In the most medial regions, occasional 
nNOS labelled neurons can be seen that have dendrites aligned with the expected orientation of 
the frequency band laminae in the central nucleus (Fig. 4A arrows) and in the lateral cortex (Fig. 
4B arrows; Malmierca et al., 1995).  
 
Figure 4 about here 
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Discussion  
Immunocytochemistry reveals clear expression of nNOS in the guinea pig inferior colliculus, 
with differential expression across and within its different subdivisions.  The highest levels of 
expression are evident in the dorsal and lateral cortices, with much less in the central nucleus, 
particularly in its ventral part.  Overall these findings are consistent with previous findings in rat 
and cat using NADPH-d histochemistry (Herbert et al., 1991; Druga and Syka, 1993; Paloff and 
Hinova-Palova, 1998).  Our findings in guinea pig show that nNOS is clearly present in the IC, 
and suggests that most of the NOS labelled by NADPH-d described in other species is also likely 
to be nNOS.  However, the possibility that other NOS isoforms, e.g. NOS-III (eNOS) are also 
expressed by some IC neurons cannot be excluded (Dinerman et al., 1994; Doyle and Slater, 
1997) 
 
The distribution of nNOS within the guinea pig IC distinguishes three major subdivisions which 
broadly conform to the central nucleus, dorsal cortex, and external, or lateral, cortex identified in 
previous anatomical studies (Morest and Oliver, 1984; Faye Lund and Osen, 1985).  Thus, the 
distribution of nNOS expression lends independent support to this scheme of parcellation 
derived primarily using Golgi stained tissue (Morest and Oliver, 1984; Faye Lund and Osen, 
1985).  In our material, however, the lateral cortex is broader than the lateral nucleus as 
originally defined in cat (Morest and Oliver, 1984) and is consistent with the definition of the 
lateral cortex in the scheme proposed by Loftus et el (see this issue) that emphasises the 
commonalities between the organisation in cat and rat. 
 
The labelling of cell bodies and neuropil defining the lateral cortex is also consistent with the 
biocytin labelling of the fibrodendritic laminae observed in the guinea pig IC (Malmierca et al., 
1995).  The border of the lateral cortex apparent in the current nNOS labelled material 
corresponds to the locations in that study where the laminae turn up by approximately 90 degrees 
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to their orientation in the central nucleus.  The outer most layer of the lateral cortex has many 
densely stained fibres and some stained cell bodies. More deeply, the neuropil staining is less 
dense, but there many scattered large stained neurons. There is a further decline in the density of 
neuropil staining around the border with the central nucleus, but some stained neurons still occur 
and a few have properties consistent with those expected of neurons in the central nucleus (Fig 
4A). Thus, in terms of cellular labelling, the border between the lateral cortex and the central 
nucleus is relatively diffuse.   
 
Other molecular staining methods have also proved useful in delineating the boundaries of the 
subdivisions of the IC.  For example, staining for acetylycholinesterase in the IC of the rat gives 
a pattern that is complementary to that observed with NOS, and the central nucleus in particular 
is stained more strongly than the cortices (Herbert et al., 1991).  Similarly, in the gerbil, staining 
for cytochrome oxidase (CO) has proved useful in defining the central nucleus (Gonzales-Lima 
and Jones, 1994; Cant and Benson, 2005).  However, unlike the  expression of NOS which is 
found in both somas and neuropil, CO is mainly restricted to the neuropil (Cant and Benson, 
2005; Cant and Benson, 2006).  Staining for CO, although most dense in the central nucleus, also 
extends into the cortices and the level of staining changes more gradually across the IC than is 
the case for the expression of nNOS, partly due to the weaker cell body staining with CO.  Such 
issues notwithstanding, the application of chemical and molecular techniques provides a valuable 
means of recognising differences in the cytoarchitecture of the IC given that these are relatively 
difficult to identify using the Nissl method or similar stains that stain cell nuclei.  For example, 
they would be useful for correlating the location of recording sites in electrophysiology with the 
structure of the IC. Further studies combining these complementary techniques in the same 
species would prove valuable. 
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While the major regions of the subdivisions are easy to identify in our nNOS labelled material, 
the difficulty lies in interpreting the distribution of nNOS in the vicinity of the borders between 
the subdivisions, for example in the dorso-medial region of the IC at the border between the 
central nucleus and the dorsal cortex (Figs. 1B and C).  Herbert et al (2001) used the extent of 
the NADPH-d staining to define the dorsal cortex, but, as they themselves noted, on this criterion 
the dorsal cortex extends into an area that is by other methods ascribed to the central nucleus 
(Faye Lund and Osen, 1985; Herbert et al., 1991). 
 
Using NOS labelling to define the borders of the IC subdivisions assumes that nNOS is not 
expressed in the central nucleus, but our material in guinea pig reveals that nNOS labelling does 
extend into the dorsal part of the central nucleus (Fig 1). Some cells with the characteristics of 
those in the central nucleus do express nNOS (Fig 3D-F). These neurons have oppositely 
directed dendrites, and they are orientated parallel to one another at an angle similar to that of the 
fibrodendritic laminae which underlie the tonotopic organisation of the IC in guinea pig 
(Malmierca et al., 1995).  Furthermore, labelling of the neuropil in this region gave rise to a 
striated pattern that was again aligned with the orientation of the laminae, particularly in the 
region of the central nucleus where it emerges from the dorsal cortex caudally (Fig. 3A-C). 
Occasionally stained neurons were seen aligned with the same orientation (Fig 3C).  The form 
and alignment of these oriented neurons are like those nominated disc-shaped or flat cells that 
constitute the frequency-band laminae in the IC in cat and rat (Morest and Oliver, 1984; Oliver 
and Morest, 1984; Malmierca et al., 1993; Oliver, 2005).  However, while these cells expressing 
nNOS do have characteristics expected of neurons in the central nucleus, they were only seen in 
the regions close to its borders.  They were most common around the border with the dorsal 
cortex dorsally and caudally, but similar cells were also occasionally seen in the border with the 
lateral cortex.  Thus, there appears to be a zone of transition between the central nucleus and the 
dorsal cortex with respect to expression of nNOS, such that there is an overlap of cellular 
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properties of both subdivisions.  The absence of a sharp border between these two subdivisions 
was also noted by Faye Lund and Osen (1995) in their study of the equivalent region in the 
inferior colliculus of the rat.  Consistent with this idea, in a 3-D analysis of the neurons in the IC 
of rat, Malmierca (1991) described transitional cells in the dorsal cortex that had properties very 
similar to the flat cells of the central nucleus.  Tracer studies from our laboratory also provide 
evidence that there may be some integration between the central nucleus and the dorsal cortex.  
Small injections of biocytin at defined frequency positions in the central nucleus of guinea pig 
label bands of fibres that extend into the dorsal cortex (Malmierca et al., 1995).   
 
An important question is what functional role does NO play in the IC?  At present it is only 
possible to speculate, but some inferences may be drawn from its distribution.  The areas of the 
IC in which there is the strongest expression of NOS are also the regions of the IC that receive 
the densest descending projections.  These come primarily from the auditory cortex, but also to a 
much lesser extent from the thalamus and the amygdala (Winer, 2005).  There is some debate 
about the extent to which corticofugal projections terminate in the central nucleus (Saldana et al., 
1996; Druga et al., 1997; Winer et al., 1998; Budinger et al., 2000; Bajo and Moore, 2005; 
Coomes et al., 2005). While in all species there is a heavy projection of cortico-collicular fibres 
to the cortices of the IC, some studies also highlight a graduated distribution of fine fibres with 
small boutons in the central nucleus  (Feliciano and Potashner, 1995; Saldana et al., 1996; Haas 
et al., 2003; Bajo and Moore, 2005).  In this respect it is interesting that NOS expression also 
extends into the central nucleus dorsally. A number of studies have shown that modulation of 
cortical activity changes the responses of neurons in the inferior colliculus in guinea pig and 
other species, and that these effects are spatially differentiated within the IC (Syka and Popelar, 
1984; Yan and Suga, 1996; Torterolo et al., 1998; Nwabueze-Ogbo et al., 2002; Yan and Ehret, 
2002; Bledsoe et al., 2003). The physiological function of these connections are only now 
 19 
coming to light, but they are likely to mediate feed forward as well as feedback effects from the 
cortex and thalamus on the IC, (Suga et al., 2000; Suga and Ma, 2003). 
 
Evidence that NOS dependent mechanisms are related to corticofugal input has been report in rat 
where ablation of the auditory cortex results in a down regulation of NOS expression in the IC 
(Druga and Syka, 2001).  However, it remains to be seen whether this change represents a 
specific affect on NOS, or reflects more general changes in neuronal function consequent to the 
removal of cortical input.  In other brain centres NOS is often closely associated with NMDA-
dependent mechanisms of synaptic transmission.  In a related study we found that specific 
subunits of NMDA receptors were expressed widely in the IC, and did not show the more 
restricted distribution of nNOS (Coote and Rees, 2000).  This finding does not, of course, 
exclude the possibility that NOS operates in conjunction with NMDA in some parts of the IC, 
and since it is a highly diffusible gas, NO might exert its effects some distance from its site of 
release (Wood and Garthwaite, 1994). 
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Figure Legends 
Figure 1  
A-D. Photomicrographs of transverse sections at 4x magnification from different positions along 
the caudo-rostral axis of the IC showing the labelling of cell bodies and neuropil with an 
antibody for nNOS.  In C the principal subdivisions of the IC are identified: DC, dorsal cortex; 
CN central nucleus; LC lateral cortex and estimates of their borders are marked by dotted lines. 
Black arrows highlight the parallel alignment of neurons along a dorso-medial to ventro-lateral 
axis, the expected orientation of frequency band laminae in the IC. See text for explanation of 
other symbols in A and D. The distances of the sections from the caudal pole of the IC are: A 
525 µm; B 1025 µm; C 1425 µm; and D 1825 µm.   
 
Figure 2 
nNOS labelling in the commissural nucleus of the IC in a transverse section 725 µm from the 
caudal pole.  The inset drawing shows the position of the photomicrograph  
 
Figure 3 
A-C. Photomicrographs (x10 magnification) of three transverse sections at 100 µm intervals 
along the caudo-rostral axis of the IC (see inset drawing for location), showing the emergence of 
the central nucleus from the dorsal cortex. Part C is from the section shown in Fig. 1A.  The 
lighter central nucleus (c.f. star in Fig 1A) has a paucity of stained cells, and less densely 
labelled neuropil than the cortex medial, and lateral.  Note the dorso-medial to ventro-lateral 
orientation of the neuropil below the lighter region in B and C, and the similar alignment of the 
labelled neurons in C (arrows).  The distances of the sections from the caudal pole of the IC are: 
A 325 µm; B 425 µm, and C 525 µm;  
D-F. Photomicrographs (x20 magnification) in the transverse plane showing the border region 
between the central nucleus and the dorsal cortex in the mid caudo-rostral IC (c.f. Fig 1B and C 
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and inset drawing).  Arrows mark the position of neurons expressing nNOS whose dendrites are 
aligned parallel to one another, and with the expected orientation of the frequency band laminae 
in the IC; see text for details.  The distances of the sections from the caudal pole of the IC are: D 
725 µm; E 925 µm and F 1425 µm. 
 
Figure 4 
Photomicrographs (x10 magnification) showing the lateral cortex and its border with the central 
nucleus (see inset drawing for location).  The outer layer of the lateral cortex shows dense fibre 
labelling with labelled neurons. The neuropil is less densely labelled in the deeper part of the 
lateral cortex, but there are scattered labelled neurons.  Arrows mark the position of neurons 
whose dendrites are aligned with the expected orientation of the frequency band laminae in the 
central nucleus (A) and the lateral cortex (B); see text for details.  The distances of the sections 
from the caudal pole of the IC are: A 725 µm; B 1025 µm and C 1425 µm 
 22 
 
Figure 1 
 23 
 
Figure 2 
 24 
 
Figure 3 
 25 
 
Figure 4 
 
 26 
 
References 
 
Bajo V.M. and Moore, D.R. (2005) Descending projections from the auditory cortex to the 
inferior colliculus in the gerbil, Meriones unguiculatus. The Journal of Comparative 
Neurology 486:101-116. 
Berman A.L. (1968) The brainstem of the cat. A cytoarchitectonic atlas with stereotaxic co-
ordinates. Madison: University of Wisconsin Press. 
Bledsoe S.C., Shore, S.E. and Guitton, M.J. (2003) Spatial representation of corticofugal input in 
the inferior colliculus: A multicontact silicon probe approach. Exp. Brain Res. 153:530-
542. 
Budinger E., Heil, P. and Scheich, H. (2000) Functional organization of auditory cortex in the 
mongolian gerbil (Meriones unguiculatus). Iv. Connections with anatomically 
characterized subcortical structures. Eur. J. Neurosci. 12:2452-2474. 
Cant N.B. and Benson, C.G. (2005) An atlas of the inferior colliculus of the gerbil in three 
dimensions. Hear. Res. 206:12-27. 
Cant N.B. and Benson, C.G. (2006) Organization of the inferior colliculus of the gerbil 
(Meriones unguiculatus): Differences in distribution of projections from the cochlear 
nuclei and the superior olivary complex. The Journal of Comparative Neurology 
495:511-528. 
Coomes D.L., Schofield, R.M. and Schofield, B.R. (2005) Unilateral and bilateral projections 
from cortical cells to the inferior colliculus in guinea pigs. Brain Res. 1042:62-72. 
Coote E.J. and Rees, A. (2000) The distribution of NMDA receptor subunits NR1 and NR2a/b 
compared to nitric oxide synthase (NOS) in the inferior colliculus (IC). In: Assoc. Res. 
Otolaryngol. Abs.  627. 
 27 
Dawson T.M., Bredt, D.S., Fotuhi, M., Hwang, P.M. and Synder, S.H. (1991) Nitric oxide 
synthase and neuronal NADPH diaphorase are identical in brain and peripheral tissues. 
Proceedings of the National Academy of Sciences USA 88:7797-7801. 
Dinerman J.L., Dawson, T.M., Schell, M.J., Snowman, A. and Snyder, S.H. (1994) Endothelial 
nitric oxide synthase localized to hippocampal pyramidal cells: Implications for synaptic 
plasticity. Proceedings of the National Academy of Sciences 91:4214-4218. 
Doyle C.A. and Slater, P. (1997) Localization of neuronal and endothelial nitric oxide synthase 
isoforms in human hippocampus. Neuroscience 76:387-395. 
Druga R. and Syka, J. (1993) NADPH-diaphorase activity in the central auditory structures of 
the rat. Neuroreport 4:999-1002. 
Druga R. and Syka, J. (2001) Effect of auditory cortex lesions on NADPH-diaphorase staining in 
the inferior colliculus of rat. Neuroreport 12:1555-1559. 
Druga R., Syka, J. and Rajkowska, G. (1997) Projections of auditory cortex onto the inferior 
colliculus in the rat. Physiol. Res. 46:215-222. 
Edwards T.M. and Rickard, N.S. (2007) New perspectives on the mechanisms through which 
nitric oxide may affect learning and memory processes. Neuroscience & Biobehavioral 
Reviews 31:413-425. 
Egberongbe Y.I., Gentleman, S.M., Falkai, P., Bogerts, B., Polak, J.M. and Roberts, G.W. 
(1994) The distribution of nitric oxide synthase immunoreactivity in the human brain. 
Neuroscience 59:561-578. 
Faye Lund H. and Osen, K.K. (1985) Anatomy of the inferior colliculus in rat. Anat. Embryol. 
171:1-20. 
Feliciano M. and Potashner, S.J. (1995) Evidence for a glutamatergic pathway from the guinea 
pig auditory cortex to the inferior colliculus. J. Neurochem. 65:1348-1357. 
 28 
Gonzales-Lima F. and Jones, D. (1994) Quantitative mapping of cytochrome oxidase activity in 
the central auditory system of the gerbil: A study with calibrated activity standards and 
metal-intensified histochemistry. Brain Res. 660:34-49. 
Guix F.X., Uribesalgo, I., Coma, M. and Munoz, F.J. (2005) The physiology and 
pathophysiology of nitric oxide in the brain. Prog. Neurobiol. 76:126-152. 
Haas M., Coomes, D.L., Kuwabara, N. and Schofield, B.R. (2003) Laminar distribution and 
projection patterns of corticocollicular cells in guinea pig auditory cortex  In: Assoc. Res. 
Otolaryngol. Abs. p 87. 
Herbert H., Aschoff, A. and Ostwald, J. (1991) Topography of projections from the auditory 
cortex to the inferior colliculus in the rat. J. Comp. Neurol. 304:103-122. 
Hope B.T., Michael, G.J., Knigge, K.M. and Vincent, S.R. (1991) Neuronal NADPH diaphorase 
is a nitric oxide synthase. PNAS, 88:2811-2814. 
Loftus W.C., Malmierca, M.S., Bishop, D.C. and Oliver, D.L. The cytoarchitecture of the 
inferior colliculus revisited: A common organization of the lateral cortex in rat and cat. 
Neuroscience In Press, Accepted Manuscript. 
Malmierca M.S. (1991) Computer-assisted 3-D reconstructions of golgi impregnated cells in the 
rat inferior colliculus. vol. PhD: Salamanca and Oslo. 
Malmierca M.S., Blackstad, T.W., Osen, K.K., Karagulle, T. and Molowny, R.L. (1993) The 
central nucleus of the inferior colliculus in rat - a golgi and computer reconstruction 
study of neuronal and laminar structure. J. Comp. Neurol. 333:1-27. 
Malmierca M.S., Rees, A., Lebeau, F.E.N. and Bjaalie, J.G. (1995) Laminar organization of 
frequency-defined local axons within and between the inferior colliculi of the guinea-pig. 
J. Comp. Neurol. 357:124-144. 
Morest D.K. and Oliver, D.L. (1984) The neuronal architecture of the inferior colliculus in the 
cat - defining the functional-anatomy of the auditory midbrain. J. Comp. Neurol. 
222:209-236. 
 29 
Nwabueze-Ogbo F.C., Popelar, J. and Syka, J. (2002) Changes in the acoustically evoked 
activity in the inferior colliculus of the rat after functional ablation of the auditory cortex. 
Physiol. Res. 51:S95-S104. 
Oliver D.L. (2005) Neuronal organisation of the inferior colliculus. In: The inferior 
colliculus(Winer, J. A. and Schreiner, C. E., Eds), pp 69-114 New York: Springer. 
Oliver D.L. and Morest, D.K. (1984) The central nucleus of the inferior colliculus in the cat. J. 
Comp. Neurol. 222:237-264. 
Paloff A.M. and Hinova-Palova, D.V. (1998) Topographical distribution of NADPH-diaphorase 
positive neurons in the cat's inferior colliculus. Journal of Brain Research-Journal Fur 
Hirnforschung 39:231-243. 
Saldana E., Feliciano, M. and Mugnaini, E. (1996) Distribution of descending projections from 
primary auditory neocortex to inferior colliculus mimics the topography of intracollicular 
projections. J. Comp. Neurol. 371:15-40. 
Suga N., Gao, E.Q., Zhang, Y.F., Ma, X.F. and Olsen, J.F. (2000) The corticofugal system for 
hearing: Recent progress. Proc. Natl. Acad. Sci. U. S. A. 97:11807-11814. 
Suga N. and Ma, X.F. (2003) Multiparametric corticofugal modulation and plasticity in the 
auditory system. Nat. Rev. Neurosci. 4:783-794. 
Syka J. and Popelar, J. (1984) Inferior colliculus in the rat: Neuronal responses to stimulation of 
the auditory cortex. Neurosci. Lett. 51:235-240. 
Torterolo P., Zurita, P., Pedemonte, M. and Velluti, R.A. (1998) Auditory cortical efferent 
actions upon inferior colliculus unitary activity in the guinea pig. Neurosci. Lett. 
249:172-176. 
Winer J.A. (2005) Descending input to the midbrain. In: The inferior colliculus(Winer, J. A. and 
Schreiner, C. E., Eds), pp 231-247 New York: Springer. 
Winer J.A., Larue, D.T., Diehl, J.J. and Hefti, B.J. (1998) Auditory cortical projections to the cat 
inferior colliculus. J. Comp. Neurol. 400:147-174. 
 30 
Wood J. and Garthwaite, J. (1994) Models of the diffusional spread of nitric-oxide - implications 
for neural nitric-oxide signaling and its pharmacological properties. Neuropharmacology 
33:1235-1244. 
Yan J. and Ehret, G. (2002) Corticofugal modulation of midbrain sound processing in the house 
mouse. Eur. J. Neurosci. 16:119-128. 
Yan J. and Suga, N. (1996) Corticofugal modulation of time-domain processing of biosonar 
information in bats. Science 273:1100-1103. 
 
 
